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Dopaminergic signals in primary motor cortex
Abstract
Brainstem monoamine areas such as the ventral tegmental area (VTA) send dopaminergic projections to
the cerebral cortex that are widely distributed across different cortical regions. Whereas the projection to
prefrontal areas (PFC) has been studied in detail, little is known about dopaminergic projections to
primary motor cortex (M1). These projections have been anatomically characterized in rat and primate
M1. Primates have even denser dopaminergic projections to M1 than rats. The physiological role, the
effects of dopaminergic input on the activity of M1 circuits, and the behavioral function of this
projection are unknown. This review explores the existing anatomical, electrophysiological and
behavioral evidence on dopaminergic projections to M1 and speculates about its functional role. The
projection may explain basic features of motor learning and memory phenomena. It is of clinical interest
because of its potential for augmenting motor recovery after a brain lesion as well as for understanding
the symptomatology of patients with Parkinson's disease. Therefore, targeted investigations are
necessary.
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Abstract 
Brainstem monoamine areas such as the ventral tegmental area (VTA) send dopaminergic 
projections to the cerebral cortex that are widely distributed across different cortical regions. 
Whereas the projection to prefrontal areas (PFC) has been studied in detail, little is known about 
dopaminergic projections to primary motor cortex (M1). These projections have been anatomically 
characterized in rat and primate M1. Primates have even denser dopaminergic projections to M1 
than rats. The physiological role, the effects of dopaminergic input on the activity of M1 circuits, and 
the behavioral function of this projection are unknown. This review explores the existing anatomical, 
electrophysiological and behavioral evidence on dopaminergic projections to M1 and speculates 
about its functional role. The projection may explain basic features of motor learning and memory 
phenomena. It is of clinical interest because of its potential for augmenting motor recovery after a 
brain lesion as well as for understanding the symptomatology of patients with Parkinson’s disease. 
Therefore, targeted investigations are necessary. 
Introduction 
Dopamine (DA) is a catecholamine neurotransmitter that modulates neuronal activity in 
several brain regions and functional networks. The basal ganglia receive strong dopaminergic input 
from the substantia nigra. By influencing glutamatergic neurotransmission in basal ganglia-cortex 
circuits, DA indirectly modulates cortical activity in primary motor cortex (M1) and other regions 
(Alexander et al., 1986). In addition, cortical activity is directly modulated by dopaminergic 
projections from brainstem monoamine areas, mainly the ventral tegmental area (VTA) that project 
to cortex. For the prefrontal cortex (PFC), this direct projection is well characterized and its effects on 
network activity and behavior are known – including its role for motor function (Del Arco and Mora, 
2008; Heijtz et al., 2007). Unknown are the effects of a dopaminergic projection to primary motor 
cortex, although this projection has been well identified anatomically. It has been speculated that 
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both direct and indirect effects of DA on M1 play a role in motor learning and the symptomatology of 
patients with Parkinson’s disease (Ueki et al., 2006). 
In 1973, Thierry and colleagues suggested a presynaptic dopaminergic system, neuron 
terminals or entire neurons, in rodent neocortex (Thierry et al., 1973). DA is a precursor to 
noradrenaline (NA); hence, detecting DA in cortex is no proof for the existence of dopaminergic 
neurons as DA may stem from noradrenergic cells. But, after lesioning noradrenergic pathways to 
cortex the authors detected dopamine (DA) in concentrations that were comparable to unlesioned 
controls indicating the presence of strictly dopaminergic neurons or their terminals. It was generally 
assumed that the dopaminergic projection to cortex is restricted to prefrontal (PFC), cingulate, peri- 
and entorhinal, and piriform cortex (Emson and Koob, 1978; Fallon et al., 1978; Fallon and Moore, 
1978a, b). 
Several authors, however, demonstrated that dopaminergic projections from the brainstem 
reach nearly all regions of neocortex. Kehr and coworkers measured DA in three transverse sections 
of the rat’s cortex and observed a rostral to caudal gradient of decreasing DA concentration (Kehr et 
al., 1976). In the primate neocortex, Brown et al. confirmed this gradient demonstrating highest DA 
levels in prefrontal and temporal regions and lowest concentrations in occipital cortex (Brown et al., 
1979). A few years later, D1 (Dawson et al., 1985; Scatton and Dubois, 1985) and D2 dopaminergic 
receptors (Martres et al., 1985) were found in sensorimotor cortex of the rat. 
To date, the dopaminergic projection to PFC has been well described and several well-
founded hypotheses exist about its physiological role (Del Arco and Mora, 2008; Floresco and 
Magyar, 2006). Anatomy and function of the dopaminergic innervation to M1 remain poorly 
understood despite clear anatomical evidence of their existence. The purpose of this review is to 
summarize existing evidence on dopaminergic signaling in primary motor cortex (M1) and compare 
this evidence to molecular, electrophysiological and behavioral findings obtained by studying other 
brain regions. Based on these comparisons we speculate about the functional role of the 
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dopaminergic projection to M1. The point is made that the complexity of dopaminergic effects on 
cortical networks critically depends on the cytoarchitecture of the specific region. Therefore, 
extrapolations of findings obtained from other brain regions to M1 are unjustified and targeted 
research is required. 
Anatomy 
Terminals 
In the rat, Descarries and coworkers used radioactive (tritiated) H3-DA to label dopaminergic 
neurons and terminals (Descarries et al., 1987). They showed that motor and somatosensory cortices 
receive 25-30 times less dopaminergic fibers than the cingulate cortex and 15-20 times less than the 
PFC; still the density of the dopaminergic projection to sensorimotor cortex was 10-fold greater 
compared to the projection to occipital cortex. The laminar distribution of projecting neurons varied 
substantially across different regions of neocortex. While in the cingulum 85% of the projection 
terminated in superficial layers I-III, 66% of the projection to prefrontal and 90% of the projection to 
M1 reached layer VI (Descarries et al., 1987; Doucet et al., 1988).  
Primates have a denser dopaminergic projection to neocortex and especially to motor cortex 
than rats. Labeled with radioactive (tritiated) H3-DA, dopaminergic fibers are found throughout all 
cortical layers with highest density in layers III, V and VI. Tyrosin hydroxylase (TH) antibodies stain 
more cells than H3-DA – TH is also present in noradrenergic neurons – but again, most TH-positive 
cells are found in superficial layers and in layer V (Lewis et al., 1987). Most fibers in layer I spread 
horizontally, whereas the main fiber direction in layer II is vertical or oblique. In layer IIIa of SMA and 
M1, cluster-like arrangements of fibers (approximately 400 µm wide) reminiscent of cortical columns 
can be observed. The spaces between the columns also contain dopaminergic fibers but their density 
is markedly lower. Layer V and VI axons run in variable directions. 
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There seems to be a difference in the laminar distribution of dopaminergic afferents to M1 
between primate and rat. Primates have more dopaminergic projections to superficial layers, 
whereas in the rat projections to deeper layers predominate. 
In humans, primary motor cortex takes up radiolabelled 18[F]-dopa indicating the presence 
of monoamine neurons containing either serotonine, noradrenaline, or dopamine; these neurons 
degenerate early in patients with Parkinson’s disease (PD) (Moore et al., 2008). 
Receptors 
Dopamine D1- and D2-receptors (D1R, D2R) are found throughout neocortex. Except in the 
olfactory nerve, D1R are more abundant than D2R across all regions of the rat’s cortex (Boyson et al., 
1986). Using radioactively labeled receptor antagonists the distribution of receptors was 
characterized in rat and primate (Dawson et al., 1986; Lidow et al., 1989). Both receptor subtypes 
exhibit a rostral-caudal gradient of decreasing density. For D2R, this gradient is steeper in primate 
than rat: While the primate motor cortex contains roughly half as many receptors as the PFC, the two 
areas show similar receptor densities in the rat (Lidow et al., 1989). In human neocortex, D1R but not 
D2R can be detected autoradiographically (De Keyser et al., 1988; Palacios et al., 1988). In situ 
hybridization for dopamine receptor mRNA has meanwhile demonstrated that D1R, D2R and D5R are 
expressed in human motor cortex (Huntley et al., 1992).  
The laminar distribution of D1R and D2R in the rat motor cortex correlates with the 
distribution of dopaminergic terminals in this region: most receptors are found in deep cortical layers 
V and VI (Dawson et al., 1986; Martres et al., 1985). In the primate, the laminar distribution of D1R 
and D2R differs: D1R are more frequent in layers I to IIIa, whereas D2R predominate in layer V (Lidow 
et al., 1991) resembling the D2R-distribution in rat. The primate somatosensory cortex shows a 
similar distribution of DA-receptors like motor cortex (Lidow et al., 1991). 
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These observations demonstrate the existence of dopaminergic terminals and receptor on 
their target cells in primary motor cortex across species. In addition, some reports indicate that DA 
can also be released from noradrenergic neurons (Devoto and Flore, 2006). 
Origin of the projection 
The dopaminergic projection to PFC is known to originate in the midbrain’s ventral tegmental 
area, VTA or area A10 (Albanese and Bentivoglio, 1982; Ikemoto, 2007; Lindvall et al., 1974; Pirot et 
al., 1992; Swanson, 1982). Additionally, there is evidence for a GABA-ergic projection from VTA to 
PFC (Carr and Sesack, 2000a) and a reverse connection through which the PFC influences 
dopaminergic neurons in the VTA (Carr and Sesack, 2000b; Gao et al., 2007). Based on these 
observations one may speculate that the dopaminergic terminals in motor cortex also stem from the 
VTA. Indeed, there is some support for this speculation. After destruction of dopaminergic neurons in 
VTA using local injections of 6-OHDA, virtually no DA-containing varicosities were observed in any 
region of neocortex including motor and somatosensory cortices (Descarries et al., 1987). Albanese 
and Bentivoglio identified dopaminergic cells in VTA that were labeled by a retrograde tracer injected 
into different areas of frontal cortex (Albanese and Bentivoglio, 1982). 
Dopaminergic effects on cortical neurons and networks 
DA release 
It is unknown which behavioral or electrophysiological events trigger or modulate DA release 
in M1. Analogies may be sought in the projection from VTA to PFC. Dopaminergic terminals in PFC 
release DA with dynamics that are substantially different from caudate-putamen, amygdala or 
nucleus accumbens (Garris and Wightman, 1994). Schultz and coworkers have investigated the 
discharge properties of dopaminergic neurons in VTA and the release of DA in PFC in relation to 
behavioral events (Schultz, 2007). The expectancy and novelty of rewards triggers an activity burst. 
Triggered bursts can be differentiated from background activity that again occurs either in bursts or 
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in more evenly spaced action potentials. It has been hypothesized that the reward-related signal is 
important for learning processes. 
DA effects on neuron excitability in PFC 
Once DA is released it modulates the firing patterns of cortical neurons. Given the layer-
specific distribution of terminals and receptors outlined above, DA-effects on cortical circuit activity 
are complex and depend on the layer or layers in which DA is released, on the dynamics of its release 
and its concentration. An optimal dose of DA is required to increase the firing of cortical neurons, 
while too little or too much DA slows neuronal performance (Seamans and Yang, 2004; Vijayraghavan 
et al., 2007). Layer V pyramidal cells in PFC react to dopaminergic stimulation, first, with a fast-onset 
presynaptic D2-mediated depression of inhibitory post-synaptic currents (IPSC) followed by a 
delayed, long-lasting and D1-mediated IPSC increase (Seamans et al., 2001). Similarly, biphasic effects 
have been described in hippocampal CA1 pyramidal neurons (Gribkoff and Ashe, 1984; Huang and 
Kandel, 1995). Given this biphasic nature it is conceivable that the experimental protocol determines 
how DA influences pyramidal cell excitability leading to inconsistencies among different studies: 
Pyramidal cell excitability may be increased (Ceci et al., 1999; Tseng and O'Donnell, 2004) or 
decreased by DA (Gulledge and Jaffe, 1998). The different studies have used different application 
methods and sites leading to different net network effects or different concentrations of DA. In vivo 
recordings of spontaneous cortical activity in response to external DA-application or VTA stimulation 
have shown decreased firing of cortical neurons (Bernardi et al., 1982; Ferron et al., 1984; Pirot et al., 
1992; Thierry et al., 1992). DA decreases amplitude, duration and horizontal spread of activity 
evoked by stimulation in brain slices of PFC; this effect is mediated by an increase in the inhibitory 
component of postsynaptic currents (Bandyopadhyay and Hablitz, 2007).  
In addition to directly influencing pyramidal cell excitability and firing, DA increases the 
extracellular levels of noradrenaline (NA) by activating the D1 receptors (Pan et al., 2004). NA in turn 
increases pyramidal cell excitability in PFC (Barth et al., 2007). 
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Dopaminergic terminals not only target pyramidal neurons, but also form synapses with 
GABA-ergic interneurons in PFC and striatum (Delle Donne et al., 1997; Le Moine and Gaspar, 1998; 
Muly et al., 1998). In striatum several studies indicate that DA reduces GABA-release via D2R 
producing a net excitatory effect on target cells in the globus pallidus (Cooper and Stanford, 2001; 
Delgado et al., 2000; Floran et al., 1997; Girault et al., 1986; Harsing and Zigmond, 1997; Momiyama 
and Koga, 2001; Pisani et al., 2000). Similarly, in layer V of PFC D2R activation reduces IPSCs mediated 
by a presynaptic reduction of transmitter release in fast-spiking interneurons as well as a direct 
postsynaptic modulation of GABA-A-receptors (Gorelova et al., 2002; Seamans et al., 2001). 
Simultaneous actions of DA on inhibitory interneurons and theirs target cells render the prediction of 
effects on the network level difficult, because net effects depend on which cells receives stronger 
input, on the concentration of DA which determines preferential receptor affinity and on the 
distribution of receptor subtypes on the two cells. 
Nevertheless, Seamans and colleagues (Seamans et al., 2001) suggested a computational 
model based on the available data, in which the D2R-mediated reduction of inhibition preserves 
activity in PFC circuits, hence, allows for the encoded information to be preserved. This preservation 
may implement the buffer in which working memories are stored. The PFC is assumed to hold such a 
buffer (Floresco and Magyar, 2006). 
DA effects on neuron excitability in M1 
Data on the actions of DA on M1 neurons are limited. DA applied into M1 of awake cats led 
to increased excitability during a conditioned placing response (Storozhuk et al., 2004). Similarly, in 
layer V of primate M1 DA augmented the spontaneous activity in approximately 40% of the DA-
responsive neurons (Sawaguchi et al., 1986). This may be the result of activation of D1 receptors on 
pyramidal cells or of D2 receptors on inhibitory interneurons, the latter reducing the inhibitory drive. 
Hosp et al. showed that D2-but not D1-antagonists reduce the excitability of pyramidal neurons in 
the rat’s motor cortex (Hosp et al., 2009). This observation that can be explained by an increase 
inhibitory drive through deactivation of D2 receptors. These data are also supported by the findings 
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in PFC outlined above (Seamans et al., 2001). In contrast, Awenowicz and Porter (Awenowicz and 
Porter, 2002) described a reduction of rat motoneuron excitability mediated by an activation of 
somatically located D1R and D2R. Similarly, responses of pyramidal tract neurons to transcallosal 
stimulation of the cat’s motor cortex were reduced after application of DA (Huda et al., 1999). Thus, 
these data are similarly conflicting like the data of DA-effects on PFC neurons, the reasons being 
probably the same as outlined above, mainly, related to differences in administration protocols. 
In humans systemic application of DA-antagonists increases M1 excitability (Ziemann et al., 
1997). Global, i.e., non-synapse specific excitability changes in human motor cortex induced by 
trancranial direct current stimulation were prevented by D2-antagonists (Nitsche et al., 2006). 
Increases in global excitability were converted into inhibition and decreases were prolonged by 
levodopa (Kuo et al., 2008). These effects were NMDA receptor-dependent (Nitsche et al., 2003). 
Focal excitability changes induced by paired associative stimulation (PAS) of cortex and 
somatosensory inputs were prevented by D2-antagonists if they are inhibitory, i.e., if they decreased 
excitability, but not when they were excitatory. The effect on inhibitory PAS was overcome by co-
administration of levodopa (Nitsche et al., 2009). Levodopa alone prolonged the excitatory effects of 
PAS (Kuo et al., 2008). D1-receptor dopaminergic agonists as well as levodopa increased and 
antagonists decreased practice dependent plasticity in primary motor cortex as measured by 
transcranial magnetic stimulation (Floel et al., 2005a; Meintzschel and Ziemann, 2006). Patients with 
Parkinson’s disease (PD), a condition leading to degeneration of dopaminergic neurons throughout 
the brain, demonstrate increased M1 excitability (Boroojerdi, 2002). All these findings are difficult to 
interpret because after systemic application as well as in PD, the dopaminergic system of the entire 
brain is affected. Interfering for example with basal ganglia dopaminergic neurotransmission also 
affects cortical excitability (Berardelli et al., 1996; DeLong, 1990). Thus, one cannot differentiate 
between direct (DA-projection to M1) and indirect effects of DA on M1, e.g., via basal ganglia-motor 
cortex of PFC motor cortex loops. 
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Lasting effects of DA 
Apart from its immediate effects on excitability, DA induces longer-lasting changes in target 
neurons. DA has an important role in the formation of long term potentiation (LTP) in different brain 
regions, PFC, striatum and Nucleus accumbens. Different mechanisms have been proposed to explain 
this phenomenon (reviewed in Jay, 2003).  
1. DA acts through the D1 receptor which is linked to the Gs-protein that increases 
cAMP thereby activating protein kinase A (PKA). PKA phosphorylates NMDA-and 
AMPA-receptors thereby enhancing their currents (Cepeda et al., 1998; Wang and 
O'Donnell, 2001). D2 receptors seem to have minimal or no effects on NMDA 
receptors (Gurden et al., 2000). NMDA and AMPA receptors is critically involved in 
the formation of LTP (Gurden et al., 2000; Snyder et al., 1998). PKA also 
phosphorylates GABAa receptors on pyramidal cells thereby suppressing GABA 
currents and enhancing pyramidal activity and LTP. 
2. Activation of D1R on hippocampal neurons increases the surface expression of AMPA 
receptors by augmenting their externalization (Gao et al., 2006). This effect is also 
observed in nucleus accumbens neurons and depends on PKA for externalization to 
extrasynaptic sites (Mangiavacchi and Wolf, 2004) and on CaMK II for moving the 
receptor to the synapse (Gao et al., 2006). In PFC, D1R activation also increases 
extrasynaptic AMPA receptors, which in turn are moved to the synapse after 
subsequent NMDA activation. D2R activation acting via the Gi/o-protein to decrease 
PKA-activity has opposite effects (Sun et al., 2005). 
3. D1 and D2-receptors acting via different G-proteins increase and lower intracellular  
Ca2+ levels via L-type Ca2+ channels, respectively (Neve et al., 2004).  Alternatively 
the receptors form heterodimers to jointly increasing Ca2+ though activation of 
phospholipase C (Pollack, 2004). Ca2+ is an important modulator of cellular plasticity 
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(Miyamoto, 2006), e.g., by controlling Ca2+/calmodulin-kinase II (CaMK II) activity 
(Blitzer et al., 1998).  
4. By stimulating the expression of certain genes and proteins, DA may mediate 
memory-like phenomena such as LTP. In VTA, cocaine induces a delayed form of LTP 
by activation of D1/D5 receptors that occurs 3h after cocaine application; this 
induction of LTP is protein synthesis-dependent (Argilli et al., 2008). Also via the D1R, 
cocaine stimulates activation of Homer 1 that acts as an immediate early gene to 
initiate synaptic growth and plasticity (Ghasemzadeh et al., 2009). Groth and 
coworkers (Groth et al., 2008) showed that D1R activation induces expression of the 
transcription factor NFAT that is involved in axonal growth (Nguyen and Di Giovanni, 
2008). DA also activates the expression of CCAAT/Enhancer Binding Protein beta 
(C/EBP-beta) that in turn increases the levels of the substance P precursor gene 
expression (pre-protachykinine A) (Kovacs et al., 2006). Likely, this is only a small 
selection of target genes that are induced by DA depending on the dynamics and the 
types of receptors being activated (Zhang et al., 2005; Zhang and Xu, 2006). There 
also is evidence that DA-effects on gene and protein expression vary among different 
types of neurons and brain regions (Daunais and McGinty, 1996). In the motor 
cortex, evidence for DA-mediated gene or protein expression is still lacking. 
These data show various opposing or parallel intracellular effects of different DA-receptor 
subtypes that are inhomogenously distributed across different interneuron and target cell 
populations in different layers of cortex including the dopaminergic neurons themselves. Receptor 
subtypes have a concentration-dependent affinity for DA (Zheng et al., 1999). DA concentrations are 
determined by the firing pattern of the dopaminergic cell (Schultz, 2007). Considering this 
complexity, the network level effects of dopaminergic input will be difficult to predict. Expression of 
LTD in an inhibitory interneuron, for example, can lead to facilitation of LTP in its target cell and vice 
versa.  
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Network level effects will, however, critically depend on the specific network architecture 
and on the anatomy of the dopaminergic projection into this architecture. Therefore, findings 
observed for one brain region cannot be extrapolated to another even if variations in network 
architecture are minimal.   
Dopaminergic signaling in cortex and behavior 
No data have so far been reported on a behavioral role of dopaminergic neurotransmission in 
M1. In contrast, much is known about the effect of DA in the PFC where it plays a role in learning and 
memory formation. As mentioned above, reward-encoding DA-signals are implicated in conditioning 
and learning behaviors (reviewed in Schultz, 1998, 2007). Additionally, dopaminergic signals support 
the formation of working memories. Since early reports, that depletion of dopaminergic neurons in 
PFC leads to learning impairments in delayed response tasks (Brozoski et al., 1979) a number of 
studies have confirmed this observation. Dopaminergic effects on working memory were shown to 
be mainly D1R-mediated (Sawaguchi, 2001; Sawaguchi et al., 1988). DA also influences higher 
cognitive functions of PFC that rely on memory mechanisms: behavioral flexibility describes the 
ability to alter behavior in response to changes in the environment. These complex cognitive 
functions depend on attention and attentional shifting (reviewed in Floresco and Magyar, 2006). 
A dopaminergic projection to auditory cortex has been described that serves a function in the 
formation of auditory cortex tonotopy and likely auditory memory (Bao et al., 2001). 
The relationship between dopaminergic stimulation and memory performance follows an 
inverted U-shaped curve: performance deteriorates with low as well as high levels of stimulation 
(compare also the concentration-dependent affinity of different receptor subtypes). In the PFC this 
dopaminergic stimulation is complemented by noradrenergic (NA) drive that is triggered by similar 
stimuli and may serve a similar function for behavior (Arnsten, 2007). Reward provides a well-tuned 
DA and NA signal that supports the formation of memories. In contrast, stress leads to excessive 
tonic DA and NA activity thereby deteriorating memory performance (Arnsten, 2007; Schultz, 2006). 
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Effects of DA on movement execution are well characterized (Hauber, 1996) and are 
responsible for the motor symptoms of PD patients. However, most of these motor functions are 
explained by dopaminergic effects on striatal-motor cortex circuits, mainly because the density of DA 
receptors is highest in the striatum. It will be interesting in the future, to discern potential influences 
of a DA-projection to M1. 
Discussion 
Considering the observations in PFC, it can be speculated that the dopaminergic projection to 
motor cortex has a role for the formation of motor memories, i.e. for the learning of novel 
movements. Findings with positron emission tomography measurements of DA levels (indirect 
measurement via detection of binding of the DA-antagonist raclopride to D2R and D3R) in humans 
suggest that during finger sequence learning DA is increased in the supplementary motor area (pre-
SMA) and reduced in the globus pallidus internus (GPi) (Garraux et al., 2007). Although findings in 
preSMA cannot be directly transferred to M1, this study suggests that dopaminergic projections to 
motor cortical areas play a role in movement learning. Findings demonstrating an enhancement of 
motor learning by systemic application of levodopa (the dopamine precursor) in healthy individuals 
(Floel et al., 2005a; Floel et al., 2008) and patients after stroke (Floel et al., 2005b; Rosser et al., 2008) 
as well as the augmentation of physical therapy effects after stroke (Scheidtmann et al., 2001) 
support this view. However, systemic application also affects dopaminergic transmission in other 
parts of the brain, especially in the basal ganglia, therefore, no inference can be made about the M1-
specificity of these phenomena. 
The fact that primates have a denser dopaminergic projection to M1 that is more widely 
distributed among cortical layers indicates that during the evolution of the cerebral cortex, the 
projection may have gained importance. In the context of motor learning one may speculate that 
because primates have higher requirements and capacities for skilled movement tasks, they also 
require a more sophisticated learning machinery. In primates, dopaminergic projections end in 
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superficial cortical layers where also cortico-cortical fibers originate and terminate. These fibers are 
important for motor learning (Iriki et al., 1991; Rioult-Pedotti et al., 1998). 
What triggers the dopaminergic signal to M1 is unknown. In analogy to frontal cortices – 
outlined above(Schultz, 2006), dopamine release may encode a reward signal that is triggered by a 
successful movement. However, in contrast to learning phenomena like conditioning, the reward 
provided by mastering a movement sequence cannot be considered novel or unexpected  - novelty 
and unexpectedness determine the magnitude of the dopaminergic reward signal (Schultz, 2006). In 
motor learning, the reward is rather gradual as the skill improves. Neurons cannot easily encode 
reward prediction by differentiating stimuli that increase or decrease the likelihood of reward and 
those that are neutral – the reward contingency. Further research into behavioral events that trigger 
DA release in M1 may lead to a novel views on reward in motor learning. 
Seeking a better understanding of the functional and behavioral roles of dopaminergic 
projections to motor cortex seems wise not only from the neuroscientific but also from the clinical 
viewpoint. Assuming similar neural mechanisms between motor learning and motor recovery after a 
brain lesion, e.g., after a stroke, dopamine and reward provision may be crucial for successful 
rehabilitation and “relearning”. In addition, as it was already suggested by Berger et al. (1986), the 
dopaminergic projection to M1 may explain some of the motor symptomatology in PD patients. 
Considering that this system may degenerate even early in PD (Moore et al., 2008), this degeneration 
may explain the procedural learning deficits observed in these patients (Knowlton et al., 1996). 
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